It was recently suggested that dark matter consists of ∼GeV particles that carry baryon number and mix with the neutron. We demonstrate that this could allow for resonant dark matter-neutron oscillations in the early universe, at finite temperature, leading to low-scale baryogenesis starting from a primordial dark matter asymmetry. In this scenario, the asymmetry transfer happens around 30 MeV, just before big bang nucleosynthesis. We illustrate the idea using a model with a dark U (1) gauge interaction, which has recently been suggested as a way of addressing the neutron lifetime anomaly. The asymmetric dark matter component of this model is both strongly self-interacting and leads to a suppression of matter density perturbations at small scales, allowing to mitigate the small-scale problems of cold dark matter cosmology. Future CMB experiments will be able to consistently probe, or firmly exclude, this scenario.
I. INTRODUCTION
One of the curious coincidences of the ΛCDM cosmological model is the rough similarity of the contributions from baryons and dark matter (DM) to the energy density, Ω b 0.049 versus Ω CDM 0.26 [1] , given that in typical scenarios of the early universe they have a completely different origin. An appealing feature of many models of asymmetric DM is that this coincidence could be due to DM having a mass at the GeV scale, like baryons, and a shared mechanism for the generation of the two asymmetries. This could be achieved through either a common "cogenesis" event that creates the required asymmetries in the dark and visible sector, or through an efficient sharing of asymmetries created in independent ways, though (dark) sphalerons, new renomalizable interactions, or higher-dimensional effective operators (for a review see [2] ). In particular, the baryon asymmetry of the universe (BAU) could be fully explained by the "darkogenesis" of an asymmetry in the dark sector that is subsequently transferred to the standard model (SM) sector. Ref. [3] analyzes this scenario in terms of the lowest-dimension, gauge-invariant effective operators that would allow such a redistribution of a primordial asymmetry starting in the dark sector. For example, the operator χudd/Λ 2 would induce roughly equal asymmetries between DM particles χ and quarks if it was in equilibrium at high temperatures.
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In this work, we consider a novel situation where the χudd/Λ 2 coupling only arises below the QCD phase transition. Then it is replaced by the unique relevant oper-ator that could connect Dirac DM to the SM, namely mass-mixing with the neutron,
Our purpose is to show that it can produce the baryon asymmetry at low temperatures ∼ 30 MeV, 2 starting from a χ asymmetry (whose darkogenesis origin we do not try to specify here). This comes about by oscillations between χ and n, in analogy to neutrino oscillations, that are resonantly enhanced by finite-temperature effects. Oscillations of neutrons to a mirror sector partner have been studied extensively in [4] [5] [6] [7] , however, to our knowledge these oscillations have never been considered as a means for baryogenesis. This adds a new option to the two broad classes of asymmetry transfer mechanisms discussed so far, namely (dark) sphalerons (e.g. [3, [8] [9] [10] [11] [12] [13] [14] [15] ) and renormalizable interactions or higherdimensional operators (e.g. [3, 12, [16] [17] [18] [19] [20] [21] [22] ). Similiar ideas for producing the baryon asymmetry at low temperatures via oscillations of SM baryons have been recently suggested in Refs. [23, 24] .
Recently motivation for the operator in Eq. (1) came from a quite different direction. It was suggested [25] that mixing between the neutron and DM could resolve a long-standing discrepancy between determinations of the neutron lifetime from decay-in-flight (p appearance) versus bottle (n disappearance) measurements, by having a small dark decay channel [26] . 3 The proposed decays n → χγ and n → χe + e − were quickly ruled out by experimental searches [27, 28] , suggesting a completely hidden channel, like n → χγ where γ is a dark photon. Even this model is ruled out by neutron star properties [29] [30] [31] [32] , unless repulsive χ self-interactions are strong enough, requiring m γ g (45 − 60) MeV (2) to be satisfied [34] . (The uncertainty in the bound is due to the unknown nuclear equation of state.) This scenario is highly constrained by a number of observables sensitive to γ , including big bang nucleosynthesis (BBN), the cosmic microwave background (CMB), DM direct detection, supernovae, and structure formation effects from DM self-interactions.
In the present work we will show that it is possible to explain both the baryon asymmetry and the neutron decay anomaly within the same model, while at the same time evading all cosmological bounds, if m γ ∼ 60 keV and an additional species of dark radiation ν is introduced to enable the decay γ → ν ν . This entails moderate tension with BBN and CMB limits on extra radiation species, implying that it may be testable already in the near future. Alternatively, larger m γ consistent with γ → e + e − , and hence without the need of introducing the additional degrees of freedom contributed by ν , can be accommodated if we disregard the neutron lifetime anomaly.
II. THEORETICAL FRAMEWORK
We consider the same model as in Ref. [34] , with an elementary Dirac DM particle χ that carries baryon number and mixes with the neutron through the mass term (1), and a dark photon coupling to χ with strength g . In order to kinematically allow for the decay n → χγ , the n-χ mass splitting must satisfy
However, there is also a subdominant decay channel n → χγ in this case, suppressed by the dipole moment µ n of the neutron. This imposes ∆m < 1.665 MeV (4) for stability of 9 Be, which is the most constraining nuclear decay [25] . We note that 11 Be has an even smaller neutron binding energy, 0.504 MeV rather than 1.665 MeV, which would further strengthen this limit [33] .
Another relevant parameter is the ratio of the temperatures in the two sectors,
(or T ν /T at later times where γ → ν ν has already occurred). We will show how ξ < 1 is determined by the decoupling temperature between the two sectors, which turns out to be independent of details of the UV physics. The baryon asymmetry depends mainly on ∆m and the mixing mass δm, with weak dependence on the combination g ξ. The dark photon mass must satisfy Eq. (3) to explain the neutron lifetime anomaly. We will further show that ∆m 0.2 MeV is required to simultaneously respect the limit from n → χγ and to obtain the observed baryon asymmetry. This bound kinematically forbids γ → e + e − decays, which in turn makes the dark photon longlived, such that it overcloses the universe [34, 35] . To avoid this, we supplement the model with an inert light particle, dark radiation, taken to be a massless Dirac neutrino ν that couples to γ with strength Q ν g and charge Q ν = 1. This is anomaly-free and allows for γ → ν ν , while the charge difference between ν and χ forbids mass mixing between the states, that would lead to proton decay. A further requirement is that the symmetric component of the DM must be sufficiently diluted by annihilations. The channelsχχ → γ γ , ν ν turn out to be too inefficient since we need a small gauge coupling g ∼ 10
to satisfy previous requirements. This can be overcome by introducing a heavy dark fermion ψ with couplingχφψ to the DM and the dark Higgs φ, allowing for χχ → φφ * through exchange of ψ.
Finally, one should avoid leakage of the primordial χ asymmetry into the SM sector at high temperatures, since this would generally produce too large a baryon asymmetry relative to the DM abundance. We point out a simple mechanism for enforcing this requirement in the present model, by adding a very weakly coupled interactionχφψ involving a heavy Majorana dark sector fermion ψ .
III. χ-n OSCILLATIONS
The oscillations of χ into neutrons are determined by a 2 × 2 Hamiltonian that includes the mass terms and thermal self-energy corrections from the forward scattering of the fermions on particles in the plasma. The most important such interactions are the elastic scattering of neutrons on pions and DM on dark photons. The Hamiltonian is given by
where δm is the mass mixing introduced in Eq. (1). The thermal energy correction ∆E n to the neutron has been calculated in Refs. [36] [37] [38] [39] [40] using various techniques. Some of these results are plotted in Fig. 1 (left panel) . The most reliable ones use dispersion relations, supplemented by experimentally measured scattering cross sections [36, 37] . We have digitized the results of Ref. [37] as our estimate of ∆E n . Using thermal field theory techniques similar to Ref. [41] (see appendix A for details), Thermal shifts ∆En to neutron mass from dispersion relations [36, 37] (purple, blue) and chiral perturbation theory [38] (green). Right panel. Effect of including the DM thermal mass. The dotted curve is ∆Eχ for g ξ = 1 from Eq. (7). Lower curves show the difference in the thermal self-energies, ∆En − ∆Eχ, for g ξ = 0, 0.5, 1. For comparison we also indicate the maximal mass difference ∆m ≡ mn − mχ 0.2 MeV compatible with baryon asymmetry generation and stability of 9 Be and 11 Be through n → χ + γ; resonantly enhanced oscillations occur for ∆En − ∆Eχ ∼ = −∆mχ.
we find for the DM energy shift
This result is also plotted, for g ξ = 1, in Fig. 1 (right panel). The combination ∆E n − ∆E χ is relevant for getting resonantly enhanced oscillations, which occur when δE ≡ ∆m + ∆E n − ∆E χ vanishes and the eigenvalues of H become degenerate. For illustration, we plot in Fig. 1 (right panel) the difference in thermal selfenergies, with g ξ = 0, 0.5, 1, along with a fiducial value of ∆m = 0.2 MeV. Clearly there are two resonant temperatures, where the curves cross the horizontal line. We will show that baryon production is dominated by the resonance at the lower temperature.
A. Heuristic approach
To find the efficiency of χ → n oscillations for producing the baryon asymmetry we first use an approximate formalism [42] that has the advantage of being simple and intuitive. Diagonalizing H leads to the mixing angle θ,
The difference between the eigenvalues is given by
Imagine starting with a state that is purely |χ at t = 0.
Evolving it with the Hamiltonian H in Eq. (6) leads to
Therefore the probability to oscillate into a neutron is given by
Because of the large rate of interactions Γ n of neutrons on heat bath pions, however, there may not be time for a full oscillation. In general one should carry out a time average, over the short time scale 1/Γ n ,
where we used sin 2 2θ = δm 2 /(δm 2 + δE 2 /4). The rate of production of neutrons via oscillations is then Γ osc =P n Γ n per χ particle (ignoring the much smaller elastic scattering rate Γ χ of DM on dark photons and scalars 4 ). The inverse process of χ production must proceed with the same rate, per neutron, so the number density of DM overall decreases asṅ χ = −Γ osc (n χ − n n ). Since baryon number, and hence the total number of χ's plus neutrons is conserved, the equation determining the fraction f = n n /(n χ + n n ) of DM converting to neutrons is thusḟ
4 The cross section for φχ scattering from the interaction (47) is 10 −7 mb, saturating the bound (50) . For m φ = 60 MeV, for example, n φ /nπ is only ∼ 7 at the resonance temperature. See also Appendix A. which has the solution
(with H ∼ = 1.66
GeV and g * ∼ = 10.75) so long as P osc < 1. We need f ∼ = 0.16 (15) to get the desired abundance ratio Ω χ /Ω B = (1 − f )/f ∼ = 5.3, dictated by the coincidence that m χ ∼ = m n . It remains to determine the rate Γ n . The cross section for neutrons to scatter on pions at low energy is [43, 44] 
giving the rate
with v = 8T /(πm π ) ∼ = 1.6 T /m π , where n π is the thermal density of pions, including a factor of 3 for isospin multiplicity.
This formalism makes it transparent that baryon production is dominated by resonant enhancement of the oscillations by the finite-T contributions to δE, which allow for δE(T r ) = 0 at the resonance temperature T r . At T = 0, tight constraints on ∆m and δm (to be discussed below) imply a vacuum mixing angle θ = 2δm/∆m that is by far too small to allow oscillations efficient 5 We average the contributions from the I = 1/2 and 3/2 isospin scattering lengths as σ = 4π(a 2 1/2
enough for baryogenesis, but at T r the mixing is maximal, although the oscillation probability is reduced by the damping from Γ n in Eq. (12) . This is illustrated in Fig. 2 for a benchmark model, Eq. (22) below, for which T r ∼ = 37 MeV. Because of the damping, the final efficiency for baryon production scales as δm 2 /Γ n .
B. Boltzmann equations
A more rigorous approach is to solve Boltzmann equations for the relative abundances, including off-diagonal terms arising from the density matrix, that take into account the oscillations. The formalism is described for oscillations of DM and its antiparticle in Ref. [45, 46] , and requires only small modifications for neutron-DM oscillations. In terms of the independent variable x ≡ m n /T , the equation for the matrix of abundances Y = n/s is
where we defined δY
, and P n,χ projects onto the state 1 (the neutron) or 2 (the χ), respectively. As before, we will ignore Γ χ since it is much smaller than Γ n .
7
Since χ can be assigned a baryon number, which is conserved, the combination Y 11 + Y 22 = Y n + Y χ does not evolve. It is then convenient to recast the equations in terms of δY , Y + and
This form has the advantage that all the functions are now real-valued, and the coefficients are of order unity, for cases of interest. The rescaling of Y − by δm alleviates the problem of stiffness in the numerical integration. We integrate the system (19) 3 shows the correlation between δm and ∆m needed to get the observed baryon asymmetry, by fixing f as stated in Eq. (15) , for several values of g ξ. Each curve is doubled, with a small splitting, showing the good agreement between the heuristic treatment (lower) and Boltzmann equation (upper). We noted above that the baryon asymmetry scales as δm 2 /Γ n . For larger ∆m, the resonance temperature is increased, and the rate of Γ n is larger due to the higher density of pions, explaining why δm must increase with ∆m to keep the baryon asymmetry constant.
On the same figure we plot the upper limit on the vacuum mixing angle from null searches for the decay n → χγ (blue curve), whose branching ratio must be 0.17 times the 0.9% needed to resolve the lifetime discrepancy [27] 
(21) Combining this with the limit on m γ /g from neutron stars in Eq. (2), this becomes a constraint on δm as a function of ∆m and g (with a slight dependence upon the assumed nuclear equation of state). Using m γ /g = 60 MeV, we indicate in Fig. 3 the values of δm that are required to resolve the lifetime anomaly for two representative values of g = 0.001, 0.002 (solid red and orange curves, respectively). It is possible to choose a smaller value of m γ /g (which is consistent with the neutron star constraint 2), leading to the lifetime anomaly being resolved by smaller values of δm. The choice m γ /g = 30 MeV is plotted for illustration (dashed red and orange curves) for the same two values of g . This value of m γ /g = 30 MeV is still consistent with constraints on the DM self-interaction rate; see Section IV E below.
To find a consistent intersection of the baryon asymmetry and lifetime anomaly curves below the n → χγ constraint in Fig. 3 , it is necessary to take g 0.002. The neutron star constraint in Eq. (2) hence implies that the dark photon must be very light, m γ 100 keV. Since ξ < 1, the thermal self-energy of χ as given in Eq. (7) is furthermore irrelevant; this effectively places us on the baryon asymmetry curve corresponding to g ξ = 0. As an example, the benchmark values (22) are compatible with all the constraints (ξ being in principle unconstrained but, as we will see shortly, uniquely determined by the decoupling temperature). The dark photon mass in these scenarios is significantly below the 2m e threshold. In the absence of additional channels the dominant decay mode would then be γ → 3γ, which is so slow that the initially thermally distributed dark photons would be metastable and overclose the universe [35] (see Ref. [34] for additional constraints). This motivates us to introduce the additional massless Dirac neutrino ν already mentioned in Section II, enabling the much more efficient decay γ → ν ν .
Alternatively, if we ignore the neutron decay anomaly (assuming, for example, that it is due to experimental error) and insist only on low-scale baryogenesis, it is not necessary for g to be small, nor for the dark photon mass to respect the kinematical constraint (3). This in turn allows heavier dark photons and the possiblity for fast γ → e + e − decays through kinetic mixing, via the Lagrangian term −( /2) F µν F µν , without the need to introduce additional light degrees of freedom like ν .
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In the B2 model, an upper bound on the kinetic mixing parameter comes from the scattering interactions of χ off protons, with a cross section
where µ pχ is the reduced mass of χ and the proton. Results from CRESST-III limit g 1.2 × 10 −7 [47] . Even more constraining are the beam dump experiments at Orsay [48] and SLAC (E137) [49] , which limit 1.5×10 
The above constraints combine to limit τ 0.05 s, which is sufficiently early to avoid disturbing the production of light elements during BBN [52, 53] . As will be discussed in section IV C, interactions other than the kinetic mixing can thermalize the dark and visible sectors, so there is no constraint on from this requirement.
IV. THERMAL HISTORY
To have a fully consistent scenario, we need to address several issues: (1) redistribution of the presumed 8 Some extra field carrying U(1) charge will be needed to insure U(1) charge neutrality of the universe at early times, as we will discuss in Section IV A. However it need not be light, and so will not necessarily contribute extra radiation degrees of freedom that contribute to N eff . See appendix D for more details.
initial χ asymmetry into baryons should not have taken place at a higher temperature through the interactions present in our model, since this might be more important than the χ-n oscillations; (2) the U(1) -breaking transition where φ gets its VEV must occur before the oscillations go through resonance; (3) the additional light degrees of freedom in the dark sector must be compatible with constraints from BBN and CMB; (4) the symmetric component of the χ relic density must be sufficiently suppressed, to avoid having more DM than is observed; (5) the self-interaction cross section of χ should respect constraints from structure formation. We consider these in turn. The constraints (2-5) are automatically satisfied for the benchmark point B2 if they are fulfilled for B1, so we adopt the B1 parameters in this section.
A. Sequestering of B at high T Our assumption is that initial asymmetries in χ, φ, and ν were somehow created at a high temperature, while the standard model baryon and lepton asymmetries were initially vanishing. Asymmetries in φ or ν are needed in addition to that in χ to maintain U(1) charge neutrality of the universe, since U(1) remains unbroken until T ∼ 100 MeV (see section IV B). However the UV model of reference [34] , augmented for the present purposes (see section IV D), includes interactions which at high temperatures will redistribute these initial asymmetries into the other dark sector particles as well as into the visible sector. The relevant interactions are
λ 1,2,3 are dimensionless coupling constants, while µ is a constant with units of mass. Φ 1 and Φ 2 are both TeV scale scalar fields that are colored triplets with baryon number −2/3, and Φ 1 also caries U(1) charge. The resulting decays and inverse decays will be in equilibrium at high temperatures, redistributing any initial asymmetry amongst all particles in the plasma. Generically, this will induce an early baryon asymmetry of the same order as that in DM, contrary to our hypothesis that only neutron-DM oscillations are important. To see this, it is sufficient to consider temperatures just below the electroweak phase transition (EWPT), T c ∼ = 160 GeV, at which the relevant SM interactions are sphalerons (still in equilibrium since the EWPT is a cross-over transition) and W − ↔ dū, W − ↔ eν. Following Ref. [55] we take the up-and down-type quarks of all generations to have common chemical potentials µ u and µ d , and denote the sum of neutrino chemical potentials by µ ν . (The charged lepton potentials µ L are eliminated in favor of µ W and µ.) At this scale the effective operator from integrating out Φ i is
which is in equilibrium down to T ∼ = 11 GeV for a light dark scalar φ (see appendix B). 9 The coefficient of (27) is fixed, since it gives rise to the n-χ mass mixing term when φ gets its VEV,
where β = 0.014 GeV 3 [54] from the lattice matrix element n|udd|0 .
The equilibrium constraints from Eq. (27) and the SM interactions [55] are then
These are supplemented by the vanishing of the conserved charges, electric and U(1) ,
where we have used that Q ν is the ν charge relative to that of χ or φ. These equations give quark asymmetries
unless µ χ = µ φ at this temperature. Such a cancellation does not come about without tuning the relative initial asymmetries of χ and ν . How these chemical potentials are related to the initial asymmetries, possibly generated at a much higher scale, is discussed in appendix C. The ν asymmetry is determined by Eq. (33) alone. However there is a simple low-energy mechanism for enforcing µ φ = µ χ , supposing there is a massive Majorana fermion ψ in the dark sector with coupling λ χφψ + H.c.
If in equilbrium, this gives the desired relation µ φ = µ χ , since µ ψ = 0 by the Majorana nature of ψ . The decays ψ → χφ are in equilbrium for T ≥ T c = 160 GeV so long as
This supplies the extra condition needed to ensure that no baryon asymmetry is induced prior to the onset of n-χ oscillations.
9 After this interaction no longer keeps χ in equilibrium, it will lead to χ decays before the QCD phase transition. However, the lifetime for such a decay is ∼ 10 seconds for our benchmark points, so the effect of these decays on the abundance of χ particles will be minimal.
The new interaction (35) is potentially dangerous since it violates baryon number. The dominant process is the ∆B = 2 oscillations of χ-χ due to the mass term
arising after φ gets its VEV v / √ 2 and integrating out ψ . In our scenario, this can be very small, δm χ ∼ = 3 × 10 −18 MeV for v = 60 MeV as we have assumed, and λ saturating the bound (36) with m ψ = 100 GeV. Such oscillations have been studied in detail in Ref. [46] . They are damped by the scattering of χ on dark photons as long as the scattering rate Γ s ∼ g 4 T 3 /m 2 γ exceeds the oscillation rate 2δm χ , true for temperatures
∼ 3 keV (38) which is far below the scales of interest for baryogenesis through χ-n oscillations. The estimate (38) applies for the B1 benchmark model, but is even lower for B2.
B. U(1) -breaking phase transition
The dark scalar φ must get its VEV before the n-χ oscillations begin, since the mass mixing term δm coming from (27) is proportional to φ in our model. Because the gauge coupling g is very small, the phase transition in the dark sector is controlled by the dark scalar φ alone. Supposing its potential is
the field-dependent masses for the real and imaginary parts of φ = (ϕ r + iϕ i )/ √ 2 are
(assuming that ϕ r is the component that gets the VEV). At mean-field level, the finite-temperature contribution to the potential is [56] 
where T is the temperature of the dark sector. Combining (39) and (41) one finds that the critical temperature, where the curvature of the full potential at φ = 0 vanishes, is given by
MeV (42) independently of λ φ , so long as λ φ g 2 . Since T = ξT with ξ < 1, we see that the critical temperature as measured in the visible sector is even larger, T c > 104 MeV. This is comfortably above the resonance temperature T 3 ∼ 30 MeV for our benchmark model.
C. Constraints on extra degrees of freedom
The dark sector in our model has new light degrees of freedom at the scale of BBN, the ∼ 60 keV dark photon and two massless Weyl neutrinos ν , the latter being also present during temperatures relevant for the CMB. We show in appendix B that the effective operator (27) keeps the two sectors in equilbrium until T ∼ = 11 GeV, irrespective of the details of the UV model parameters. This relatively high decoupling temperature helps to reduce the number of extra radiation degrees of freedom, conventionally parametrized as the number of additional effective neutrino species, ∆N eff , Following decoupling, the entropies in the two sectors are separately conserved. During the QCD transition, the relative temperature ξ = T /T goes down because the number of SM degrees of freedom, g SM (11 GeV) 86.25, decreases by a greater factor than the corresponding decrease in the dark sector (χ + ν + φ + γ → ν + γ ). We thus expect ξ BBN ∼ = 86.25 10.75
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at T > m e when electrons are still in equilibrium. At this temperature, the dark photons and neutrinos are both present in the dark sector, and they contribute
to the effective number of neutrino species. This is below the 3σ bound ∆N eff < 0.54, but larger than the 2σ bound ∆N eff < 0.31 allowed by BBN [57] (similar BBN limits are reported by Cyburt et al. [58] ). At lower temperatures, the number of relativistic degrees of freedom again changes in both sectors, as electrons and dark photons disappear. At the time of the CMB, we have a temperature ratio of
Taking into account that the temperature ratio of SM neutrinos and photons has also increased by that time, we hence get
This is above the 3σ limit of ∆N eff < 0.45 from Planck [1, 60] , combining CMB and BAO measurements. But we note that this limit weakens to ∆N eff < 0.55 (0.66) at 2σ (3σ) [60] when adding the direct measurement of the Hubble rate, H 0 = (73.45 ± 1.66) km s −1 Mpc −1 [59] , to these datasets.
For a more quantitative treatment we implemented the full temperature dependence of the energy density for each dark sector d.o.f. in DarkSUSY [62] , rather than the relativistic limit used in the above estimates, and plot the We also indicate limits from BBN [57] and Planck data [1] .
expected ∆N eff as a function of decoupling temperature T dec in Fig. 4 . The red line shows ∆N eff at CMB times, while the blue line shows this quantity for T = 1 MeV; the blue band corresponds to ∆N eff for the whole range of temperatures 0.1 MeV < T < 5 MeV most strongly probed by BBN. We also indicate in this plot the already mentioned constraints from BBN and CMB. For the benchmark point B1, Fig. 4 confirms the above estimates for ∆N eff . At the same time, this figure illustrates the effect of changing T dec . For example, for a smaller φ = m γ /g the coefficient in front of Eq. (27) would increase, leading to a decrease in T dec that sharpens the tension with BBN and CMB. A larger value of φ , on the other hand, cannot be achieved in view of the neutron star constraint (2) . To decrease the tension with ∆N eff would thus require to modify the low-energy operator given in Eq. (27) -or to make the dark photon and Higgs non-relativistic already during BBN, as in benchmark point B2. Finally, if decoupling happens while some of the heavy degrees of freedom are still in equilibrium, this will increase the entropy ultimately dumped into ν ; we illustrate this in Fig. 4 by showing the effect of an additional fermion with mass m ψ = 50 GeV (dotted lines).
D. Dark matter annihilation and kinetic decoupling
Although we are assuming that the asymmetric component of the DM abundance is generated by an unknown mechanism, the symmetric (thermal) component is determined by the annihilations of χχ into lighter particles. Because of the small value of g = 10 −3 , the cross sections for χχ → γ γ and χχ → ν ν are inadequate for avoiding overclosure. However the channel χχ → φφ * becomes available if we introduce a neutral Dirac fermion ψ with coupling λ 3χ φψ + H.c. (47) This is consistent with stability of χ as long as m ψ > m χ . The cross section for χχ → φφ * by ψ exchange, to leading order in the center-of-mass velocity v cm of the DM and for m ψ m χ , is
After thermally averaging, we find that to avoid overclosure one needs m ψ λ −2 3
1 TeV [61] . For a more quantitative estimate one needs to take into account the non-standard temperature evolution in the dark sector. To this end, we implemented the exact ξ(T ) dependence as well as the full expressions for σv rel in DarkSUSY. Solving the Boltzmann equation numerically for input parameters in the range of interest, we find that the following provides a reliable fit to the relic density of the symmetric component in the absence of an asymmetric component:
500 GeV
The additional presence of the asymmetric component, however, makes the annihilation ofχ more efficient. From  Fig. 4 in Ref. [61] , we can read off that already an annihilation rate σv a factor of 2 larger than the cross section σv 0 that would give the correct relic density in the purely symmetric case, i.e. in accordance with Eq. (49), results in a suppression of the symmetric component by a factor of almost 50. Choosing this reference relic density as (Ωh 2 ) χ+χ = 0.145 (rather than the standard value of (Ωh 2 ) DM 0.12 because 17 % of the DM will convert to neutrons), this translates to the requirement
This condition is easily satisfied as long as λ 3 is not too small (note that decreasing m ψ below about 100 GeV would increases the tension with ∆N eff , c.f. Fig. 4 ). Even after freeze-out, both the symmetric and the asymmetric DM component are kept in local (kinetic) equilibrium with ν . This is exactly one of the scenarios studied in Ref. [63] where, due to the presence of a light mediator, elastic scattering between χ and ν is highly efficient and kinetic decoupling therefore happens significantly later than for standard WIMP candidates. The dark acoustic oscillations in the χ-ν fluid during and after decoupling lead to a cutoff in the power spectrum of matter density perturbations with an associated mass scale of M cut 2 · 10 9 M ξ 0.5 A warm DM candidate with mass 10
keV generates an almost identical small-scale suppression of the nonlinear power spectrum [64] . This implies that Lyman-α constraints on our model can be easily evaded as long as the charge of the dark sector neutrino is not too large, Q ν 1 [65] [66] [67] . For Q ν ∼ 1, in fact, the resulting mild suppression of the power spectrum might help to alleviate the missing satellites problem [63, 68] .
E. Dark matter self interactions
The cross section for χχ → χχ scattering is nonperturbatively enhanced by multiple γ exchange, and hence cannot be calculated in the Born limit. We use Dark-SUSY to calculate the transfer cross section for a repulsive Yukawa potential in the classical limit m χ v rel m γ , based on parameterizations from Ref. [69] , averaged over a Maxwellian velocity distribution with a most probable velocity v 0 . For our benchmark model (22) and v 0 = 30 km/s, this leads to σ T /m χ ∼ 0.15 cm 2 /g, which may be strong enough to visibly affect the structure of dwarf galaxies [70] [71] [72] . The cross sections required to fully address the small-scale structure problems of cold DM are typically quoted to be a bit larger. This can be achieved by choosing a slightly smaller dark photon mass: for m γ = 30 keV for example, still respecting the constraint on M cut implied by Eq. (51), we find σ T /m χ ∼ 0.6 cm 2 /g. The dependence of the transfer cross section on v 0 is shown in Fig. 5 . The self-interaction rate drops very sharply with the typical velocity, implying that constraints on cluster scales [73] [74] [75] are not relevant for our model.
V. CONCLUSIONS
We have demonstrated that baryogenesis, starting from an initial dark matter asymmetry, can be successfully implemented through dark matter-neutron oscillations. It is intriguing that the same model invented to address the neutron lifetime anomaly in Ref. [34] is capable, with small modifications, of producing the observed baryon asymmetry in this way. A key requirement is that a somewhat smaller mass splitting ∆m = m n − m χ ∼ 0.1 MeV is now needed, relative to resolving only the lifetime anomaly. This arises because the baryogenesis curves in Fig. 3 fall in the region excluded by n → χγ limits at larger ∆m. Simultaneously satisfying the neutron lifetime anomaly requires small g ∼ 10 −3 and a consequently lower dark photon mass, m γ ∼ 60 keV, mandating an additional dark radiation species ν so that dark photons can decay fast enough to avoid problems with BBN and the CMB. Intriguingly, the combination of dark radiation and a very light dark photon may help to alleviate known issues of ΛCDM cosmology at small scales.
The most ambitious version of our scenario, where both baryogenesis and the neutron lifetime anomaly are treated, is challenged by extra radiation contributing to N eff , being near the edge of current cosmological constraints. Updated BBN constraints and future CMB observations, like the planned Simons observatory [76] , are likely to provide the most sensitive experimental test of the proposal. On the other hand, no dark radiation is needed in a simpler version, exemplified by the parameter choices (23) , that provides only baryogenesis but no significant dark decay channel for the neutron. In this version, new physics signals could arise from kinetic mixing of the photon with the dark photon. In both cases it is possible that the heavy scalar triplets required by the UV complete version of the model may be accessible at the LHC.
Let us stress in closing that the main phenomenon, of asymmetry-sharing through n-χ oscillations, depends only upon the existence of n-χ mass mixing at low energies. It is remarkable that purely standard model physics, giving the neutron a negative self-energy correction at finite temperature, makes it possible for the oscillations to be resonant at temperatures not far above BBN. To make this part of a coherent picture including dark matter generation in the early universe requires lifting the effective theory to its UV completion. It could be interesting to find other examples of microscopic models leading to these phenomena. as being massless, with momenta p 1 = p χ , p 2 = p φ , and p 3,4,5 for the final-state quarks. The matrix element is
where 1/Λ 3 ∼ = 1.7 × 10 −10 GeV −3 is the coefficient of the operator (27) . We can evaluate the cross section in the center of mass frame, choosing the 3-momenta to be p 1 = E 1 (s α c φ , s α s φ , c α ) (B1) p 2 = − p 1 (B2) p 3 = E 3 (0, 0, 1) (B3) p 4 = E 4 (s γ , 0, c γ ) (B4)
where the angle between p 3 and p 4 is fixed by energymomentum conservation,
and Multiplying by the thermal density of a complex scalar and equating the scattering rate to the Hubble rate yields the freezeout temperature T f = 11 GeV.
Appendix C: Relations between chemical potentials and initial asymmetries
In this appendix we present a calculation of the chemical potentials of both standard model and dark sector species when there is no baryon number violating interaction with ψ which sets µ χ = µ φ . After the electroweak phase transition, the chemical potentials of the particle species in equilibrium are given by the equations in Sec. IV A, with an additional relation derived from the fact the difference between total baryon number and lepton number is conserved when ψ is not present:
Here B = 6(µ u + µ d ) and L = µ ν + 2µ where µ is the sum of the charged lepton chemical potentials. µ 0 is the initial χ chemical potential.
From these equations, the chemical potentials of the various species can be determined in terms of the initial asymmetries: 
The coefficients of the chemical potentials in the above expressions are chosen so that their ratios correspond to the ratios of the asymmetries, e.g. 2µ χ /B = (n χ − nχ)/(n B − nB). If Q ν µ ν = −2µ 0 , then B = L = µ W = 0, 2µ χ = 2µ φ = 2µ 0 , and the analysis of Sec. III directly applies. However, other values for the initial asymmetries can lead to a baryon asymmetry when these interactions freeze out that is greater than what is observed today. Such scenarios are not viable -the subsequent oscillations will only drive the ratio of baryon to χ asymmetries to 1, rather than reducing the baryon asymmetry to the observed value.
